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We first recall some elements of the basic formalism describing tunneling spectroscopy in terms of the electronic structure of the QD. We use an extension of the theory of Averin et al. 2 that incorporates tunneling of both electrons and holes as well as electron-hole recombination. We then present our tight-binding ͑TB͒ electronic structure calculations and self-consistent treatment of the charging energies. Finally we refine the interpretation of the experimental I(V) curves and show that both electrons and holes tunnel into the QD at large bias voltages.
Theory. We consider a standard double barrier tunnel junction. 3 It consists of two metallic electrodes E1 and E2 weakly coupled to a semiconductor QD by two tunnel junctions J1 and J2 with capacitances C 1 Fig. 1 for a 6.4 nm diameter nanocrystal. The tip was retracted from the QD so that C 1 /C 2 is maximum and is close to 1. A zero-current gap is observed around Vϭ0 followed by a series of conductance peaks for 3 TB model with second-nearest neighbor interactions. The TB parameters are fitted to the bulk InAs band structure calculated with the local density approximation corrected from the band-gap problem, and to the experimental effective masses. 7 Spin-orbit coupling is included. The surface dangling bonds are saturated with pseudohydrogen atoms. As a first test of the accuracy of this description, we compare the calculated QD band-gap energy E g 0 with the tunneling spectroscopy data of Ref.
1. According to Eq. ͑3͒, the zero-current gap in the I(V) curve is ⌬V ϭ(E g 0 ϩU)/e. Assuming ϭ1 ͑as in Ref. 1͒ and an independant determination of U ͑see below͒ gives an upper limit for E g 0 plotted in Fig. 2͑a͒ . The agreement with TB results is extremely good over the whole 2-8 nm diameter range, although the TB band-gap energy may be slightly overestimated. We find that the lowest CB level (1S e ) is s-like, twofold degenerate, and the next CB level (1 P e ) is p-like, sixfold degenerate. 8 The highest two VB levels 1 VB and 2 VB are found fourfold degenerate. On this basis, for VϾ0, Banin et al. 1 assigned the first group of two peaks ͑see Fig. 1͒ and second group of six peaks to the tunneling of electrons filling the 1S e and 1 P e CB levels, respectively. The successive peaks in each group are thus found separated by the charging energy U/e, and the two groups by (⌬ CB ϩU)/e, where ⌬ CB ϭ(1P e )Ϫ(1S e ). For VϽ0, they assigned the first group of four peaks and next group of three intense peaks to the tunneling of holes filling the 1 VB and 2 VB VB levels, respectively. These groups are thus found separated by (⌬ VB ϩU)/e, where ⌬ VB ϭ(2 VB )Ϫ(1 VB ). An upper limit (ϭ1) for the splittings ⌬ CB and ⌬ VB is plotted in Fig.  2͑b͒ versus the band-gap energy E g 0 and compared to our predictions. For ⌬ CB the agreement is striking so that our results support the previous interpretation for VϾ0. On the other hand, the calculated ⌬ VB is much lower than the experimental one. This discrepancy added to the fact that the multiplicity of the first group of peaks for VϽ0 is not the same from dot to dot ͑and is sometimes found odd͒ leads us to question the simple interpretation of Ref. 1 in terms of pure single-hole tunneling. A full calculation of the I(V) curves is thus needed for a complete understanding of the tunneling spectroscopy data.
Calculation of the I(V) curves. For the sake of comparison with the interpretation of Ref. 1 we perform two types of calculations: ͑i͒ we use the capacitive model of Eq. ͑1͒ with our calculated TB level structure and consider U and as fitting parameters chosen to optimize the agreement with the position of the peaks in the G(V) curve. ͑ii͒ we make a fully self-consistent treatment on a system with a realistic geometry described below and shown in the inset of Fig. 3 . Here the ground state energy E 0 (n, p,V) is self-consistently calculated for a set of charge states (n, p) and bias voltages V i . This is done in the Hartree approximation corrected from the unphysical self-interaction term. 6 Other exchange and correlation terms are not included, since they are much smaller 9 and are not seen in the present experiments. The electrostatic potential inside the QD is computed with a finite difference method. The calculation is performed in the subspace spanned by the highest N VB VB states and lowest N CB CB states of the isolated QD. The transition energies are derived from Eq. ͑2͒. The ground state energy is interpolated over the whole bias voltage range and excited configuration energies E(͕n i ͖,͕p i ͖,V) are approximated from the spectrum of the self-consistent ground state Hamiltonian and interpolated between successive V i . The charging energies U calculated with this method are in good agreement with the experimental ones. 1, 6 For the capacitive model, we consider a spherical 6.4 nm diameter InAs nanocrystal. We get (1S e )ϭ0.848 eV, (1P e )ϭ1.120 eV, (1 VB )ϭϪ0.105 eV, and (2 VB )ϭ Ϫ0.120 eV. For the self-consistent calculation we get better results with a slightly flattened dot as shown in the inset of Fig. 3 . This does not significantly change the electronic structure of the QD but only the details of the electrostatic potential. The dielectric constant of the QD r ϭ13.6 is calculated as in Ref. 10 . The QD is linked to the gold substrate ͑E1͒ by a 5 Å thick hexane dithiol layer and is surrounded by a 5 Å thick layer of molecular ligands ( r ϭ2.6). The radius of curvature of the Pt-Ir scanning tunneling microscope ͑STM͒ tip ͑E2͒ is rϭ2.5 nm, and the tip-QD distance is dϭ5 Å. Taking N VB ϭ240 and N CB ϭ120 ensures convergence of the self-consistent calculation. The zero-bias Fermi energy F ϭ0.5 eV is obtained from the position of the center of the zero-current gap. 11 A detailed analysis of the relative height of the low-lying current steps around the zerocurrent gap suggests that ⌫ 1 Ӎ⌫ 2 . Since an accurate calculation of the tunneling rates ⌫ ␣ is not possible, we set ⌫ 1 ϭ⌫ 2 ϭ6ϫ10 8 s
Ϫ1
for electrons and ⌫ 1 ϭ⌫ 2 ϭ3 ϫ10 8 s Ϫ1 for holes to get a correct order of magnitude of the current. It is important to note that the position of the calculated conductance peaks does not depend on the tunneling rates ⌫ ␣ . Last, we set R(n,p)ϭnp/ and ϭ1 ns, which is characteristic of direct gap semiconductors.
Results and discussion. The calculated G(V) curves are compared to the experimental one in Fig. 1 . They are broadened with a Gaussian of width ϭ15 meV. The optimized parameters for the capacitive model are Uϭ100 meV and ϭ0.9 (C 1 ϭ1.44 aF, C 2 ϭ0.16 aF). As shown in Fig. 1 the agreement with experiment is extremely good with practically a one to one correspondance between the calculated and experimental peaks over a range of 3.5 V. The negative bias voltages side is clearly improved in the self-consistent calculation. However, in that case there is a slight shift of the peaks but the results are quite sensitive to the details of the geometry, which is not known precisely, so we have not tried to improve the agreement with experiment further. We can use Eqs. ͑1͒-͑3͒ to analyze the nature of the current. For small ͉V͉ just beyond the zero-current gap, electrons ͑holes͒ first tunnel from the STM tip into the QD when VϾ0 (V Ͻ0). In these conditions, either conduction or valence band energy levels are readily inferred from the G(V) curve. When increasing further ͉V͉, a new regime appears where both electrons and holes tunnel into the QD, making the interpretation of the I(V) curve more intricate. This is evidenced by the following arguments, given for VϾ0. An electron can tunnel from the STM tip ͑E2͒ into the QD charged with nϪ1 electrons as soon as
͒U. ͑4͒
Then a first hole can tunnel from the gold substrate ͑E1͒ into the QD now charged with n electrons if
Subtracting Eqs. ͑4͒ and ͑5͒ one finds that the tunneling of holes in the QD charged with n electrons is possible only if
Similar relations can be derived for VϽ0, electrons tunneling from the gold substrate into the QD at large bias voltages. Therefore, in any tunneling spectroscopy experiment with charging, the tunneling of either electrons or holes alone is ensured only if e͉V͉ is below the band-gap energy E g 0 of the QD. Tunneling of both electrons and holes below Ϫ0.94 V and above 1.08 V is seen 12 in Fig. 3 . We can now proceed to a more detailed analysis of the G(V) curves. For VϾ0, the first group of two peaks is assigned to the tunneling of electrons filling the 1S e CB level, and the next group of six peaks to the tunneling of electrons through the 1 P e CB level and tunneling of holes. There are also two excitation peaks X 1 and X 2 on Fig. 1 ͑tunneling through the 1 P e CB level in the charge states nϭ0 and n ϭ1) that are hardly visible on the experimental G(V) curve but disappear at higher ⌫ 2 /⌫ 1 ratios. As can be seen in Fig.  1 , we overestimate the amplitude of the current at large positive bias voltages. Better agreement could be achieved in this range simply dividing ⌫ 1 by 4 for holes. This may arise because the self-consistent calculation shows that the hole states strongly localize near the STM tip at positive bias. For VϽ0, the first two peaks can be unambiguously assigned to the tunneling of holes filling the 1 VB VB level. However, the next group of peaks is a very intricate structure involving single-hole charging peaks and tunneling of electrons through the 1S e CB level. This disagrees with the interpretation of Ref. 1 in terms of single-hole tunneling and makes any experimental determination of ⌬ VB ill-defined. This also means that the multiplicity of the peaks is not reproducible as found experimentally. Finally, the strong increase of the current below Ϫ1.25 V is mainly related to the tunneling of electrons through the 1 P e CB level.
In conclusion, we have performed self-consistent tightbinding calculations for InAs QD's. The calculated QD band-gap energy, conduction band levels splittings, and charging energies are in excellent agreement with experiment over the whole range of sizes ͑2-8 nm͒, and the calculated tunneling spectra allow a detailed assignation of the conductance peaks. Let us recall that the possible tunneling of both electrons and holes should be kept in mind in any tunneling spectroscopy experiment performed at bias voltages larger than the band-gap energy of the QD. 
